Apolipoprotein E (apoE), a plasma lipoprotein well known for its important role in lipid and cholesterol metabolism, has also been implicated in many neurological diseases. In this study, we examined the effect of apoE on the pathophysiology of traumatic spinal cord injury (SCI). ApoE-deficient mutant (apoE −/− ) and wild-type mice received a T9 moderate contusion SCI and were evaluated using histological and behavioral analyses after injury. At 3 days after injury, the permeability of spinal cord-blood-barrier, measured by extravasation of Evans blue dye, was significantly increased in apoE −/− mice compared to wild type. The inflammation and spared white matter was also significantly increased and decreased, respectively, in apoE −/− mice compared to the wild type ones. The apoptosis of both neurons and oligodendrocytes was also significantly increased in apoE −/− mice. At 42 days after injury, the inflammation was still robust in the injured spinal cord in apoE −/− but not wild type mice. CD45 + leukocytes from peripheral blood persisted in the injured spinal cord of apoE −/− mice.
Introduction
Spinal cord injury (SCI) is a devastating traumatic neurological disorder, significantly disabling about 300,000 Americans and millions worldwide (Sekhon and Fehlings, 2001) . Currently, there are no effective treatments for this devastating neurological disorder. Pathophysiology of SCI involves the primary and secondary injuries (Hulsebosch, 2002) . The secondary injury is a series of progressive pathophysiological responses initiated by the initial mechanical injury, which exacerbates the injury and eventually leads to greater functional loss after SCI. Compromised blood-spinal cord-barrier (BSCB), edema, catecholamines, oxidative damage, excitotoxicity, inflammation, nitric oxide and apoptosis all contribute to the secondary injury following SCI (Hall and Springer, 2004) . Identification of reagents, which could block multiple secondary injury pathways to decrease the injury and functional losses, will potentially lead to development of novel therapies for SCI.
Apolipoprotein E (apoE) is one of the most abundant apolipoproteins in the brain and is mainly synthesized by astrocytes, but also in some neurons after injury (Kim et al., 2009; Laskowitz et al., 1998) . In pounds (Lomnitski et al., 1999a; Lomnitski et al., 1997) and impaired functional recovery and neuronal loss (Chen et al., 1997a; Han and Chung, 2000) . Notably, treatment with exogenous apoE decrease the anatomical and functional deficits in the animal models of several neurological diseases, such as ischemic stroke (Horsburgh et al., 2000; Tu et al., 2017) , of Alzheimer's disease (Sarantseva et al., 2009 ), traumatic brain injury Lynch et al., 2005; Laskowitz et al., 2010; Kaufman et al., 2010; Hoane et al., 2009; Laskowitz et al., 2017; Cao et al., 2016) , or EAE (Li et al., 2006) . These studies suggest that apoE plays important roles in neuroprotection after neurological diseases and injuries.
Although extensively studied in many neurological diseases, especially in Alzheimer's diseases, the role of apoE in SCI has not been well investigated. Previous study shows that APOE4 is associated with worse neurological recovery and a longer length of stay in rehabilitation in individuals with traumatic cervical spinal cord injury (Jha et al., 2008) , suggesting the potential role of apoE in SCI. The expression of apoE is significantly increased after traumatic SCI in both rats and mice (Schmitt et al., 2006; Seitz et al., 2003) . However, the role of apoE in SCI remains to be elucidated. In this study, we examined the function of endogenous apoE in the pathophysiology of traumatic SCI using apoE −/− mice. We also evaluated the therapeutic potential of exogenous apoE after SCI. We report here that the anatomical and functional deficits are much greater in apoE −/− mice following traumatic SCI. Importantly, exogenous apoE mimetic peptides decrease the injury size and promote functional recovery after SCI. Our results suggest that endogenous apoE plays an important neuroprotective role after SCI, and exogenous apoE mimetic peptides might be a novel and promising neuroprotective reagent for SCI.
Materials and methods
All animal care and surgical interventions were undertaken in strict accordance with the Public Health Service Policy on Humane Care and Use of Laboratory Animals, Guide for the Care and Use of Laboratory Animals (https://grants.nih.gov/grants/olaw/guide-for-the-care-anduse-of-laboratory-animals.pdf), and with the approval of Animal Welfare Committee at the University of Texas Health Science Center at Houston (UTHealth). C57BL/6 (WT) mice and apoE −/− mice in C57BL/ 6 background were purchased from the Jackson Laboratory (The Jackson Laboratory, Bar Harbor, ME) and maintained in the animal facility at UTHealth. All mice used for these experiments were females between the ages of 10 and 16 weeks. Pairs of female WT and KO mice were matched by ages with differences of 2 weeks. All animals used for this study are shown in Table 1 . Female mice were used in this study to avoid bladder complications and urolithiasis that frequently occur in male mice following SCI.
Contusion injury and surgical procedure
The surgical procedure for SCI was described previously (Fan et al., 2013) . After anesthetization with a mixed solution of ketamine (80 mg/ kg, ip) and xylazine (10 mg/kg, ip), mice received a dorsal laminectomy at the 9th thoracic vertebral (T9) level to expose the spinal cord and then a moderate T9 contusive injury using an Infinite Horizons impactor (Precision Systems and Instrumentation) at 60 kdyn with the spine stabilized using steel stabilizers inserted under the transverse processes one vertebra above and below the injury (Hill et al., 2009 ). Afterwards, the wound was sutured in layers, bacitracin ointment (Qualitest Pharmaceuticals, Huntsville, AL) was applied to the wound area, 0.1 ml of a 20 mg/ml stock of gentamicin (ButlerSchein, Dublin, OH) was injected subcutaneously, and the animals recovered on a water-circulating heating pad. Then mice received analgesic agent, buprenorphine (0.05 mg/kg, SQ; Reckitt Benckiser, Hull, England) twice a day for three days. Bladders were emptied manually until automatic voiding returned spontaneously. The animals were survived for 3, 21 or 42 days per the experimental design (Table 1) .
Behavioral assessment
Open-field locomotor tests with the Basso-Mouse-Scale (BMS) (Basso et al., 2006) were performed at 1, 3, 7 days after injury and then once every week for 6 weeks. All the animals were coded and behavioral assessments were performed by two investigators blinded with respect to the treatment groups. The mean BMS scores were tallied by injured groups and plotted as a function of time post-injury. Changes in BMS scores over time for the groups were analyzed using a Repeated Measures ANOVA with the between groups factor. Differences among the groups over the survival times were found by using Tukey HSD post hoc t-tests.
Histological analyses
The spared white matter in the injured epicenter was determined as previously described (Cao et al., 2005) . Briefly, at designated time points after SCI (Table 1) , mice were briefly anesthetized with a mixed solution of ketamine/xylazine and perfused transcardially with 0.01 M phosphate buffered saline (PBS) (pH 7.4), followed by 4% paraformaldehyde in 0.01 M phosphate buffer (PB). The spinal cord segments with the injury were removed, cryoprotected in 30% sucrose buffer overnight at 4°C and embedded in OCT compound. Serial 20 μm thick sections through the entire injury site were cut transversely on a cryostat. Two sets of slides were stained with the iron-eriochrome cyanine R (EC) and Cresyl violet, respectively, to identify myelinated white matter and residual spared tissue. The lesion epicenter was defined as the section containing the least amount of spared white matter. White matter sparing was defined as tissue showing normal myelin appearance and density (lacking cysts, degeneration). Septae or fibrous bands of tissue observed within and/or spanning areas of cystic cavitation were not considered to represent spared tissue. The total crosssectional area of the spinal cord and the lesion boundary were measured with a Zeiss Observer Z1 inverted fluorescence microscope with the stereological stage and Zen Digital Imaging system (Carl Zeiss). An unbiased estimation of the percentage of spared tissue was calculated using the Cavalieri method (Michel and Cruz-Orive, 1988) . The percent spared white matter (WM) areas were calculated by dividing the spared white matter area to the total spinal cord volume in the respective cross spinal cord sections. Mean values of spared WM among different injured groups were calculated and statistically compared using Repeated ANOVA followed by Tukey's post hoc testing.
Immunohistochemistry
After blocking with 10% donkey serum in Tris buffered saline (TBS) containing 0.3% Triton X-100 (TBST) for 1 h at room temperature (RT), the sections were incubated in TBST containing 5% donkey serum, polyclonal rabbit anti-glial fibrillary acidic protein (GFAP, a marker for astrocytes, 1:200, Dako) and monoclonal mouse anti-CD68 (also called ED1, a marker that labels macrophages and activated microglia, 1:200, Pharmigen) overnight at 4°C. After three washes of 10 min in TBS, sections were incubated in TBST containing 5% donkey serum, donkey anti-rabbit FITC-conjugated 'Fab' fragments (1:100, JacksonImmunoRes Lab, Baltimore, MD) and donkey anti-mouse Texas redconjugated 'Fab' fragments (1:200, Jackson-ImmunoRes Lab) for 1 h at RT. The sections were rinsed in TBS and cover-slipped with antifade mounting medium (Molecular Probes, Eugene, OR). To detect the extravasation of circulating IgG in the spinal cord after injury, the cryostat sections were blocked with 10% donkey serum in TBST for 1 h at RT and then TBST containing 5% donkey serum and donkey anti-mouse IgG Texas red-conjugated 'Fab' fragments (1:200, Jackson-ImmunoRes Lab) for 1 h at RT. The sections were rinsed in TBS and cover-slipped with antifade mounting medium (Molecular Probes, Eugene, OR). Apoptotic neurons and oligodendrocytes were detected by terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL). TUNEL staining was performed on the spinal cord slides according to the manufacturer's manual (R & D systems, Minneapolis, MN). Zeiss Observer Z1 inverted fluorescence microscope with Apotome and stereological stage with mosaic tissue capture capabilities was used to capture representative images. The density of ED1 labeling above background was quantified using threshold-based measures within the whole spinal cord cross sections. The Zen (Carl Zeiss) or ImageJ quantification software programs were used to determine proportional area measurements. The percentages of ED1 + area were calculated by dividing the total ED1 areas by the total spinal cord area in the respective cross sections. Mean values of percent lesion area and spared WM among different injured groups were calculated and statistically compared using one-way ANOVA followed by Tukey's post hoc testing.
Vascular leakage
Vascular leakage was quantified using the established Evans blue (EB) dye technique (Kakinuma et al., 1998) . EB dye was injected intraperitoneally (40 mg/kg) at 3 days after SCI. Distribution of the dye was confirmed by a visible change in the mouse skin color within 1 h after injection. Overnight (around 14 h) after receiving injections, the mice were anesthetized with a mixed solution of ketamine/xylazine and intracardially perfused with saline and thoroughly rinsed 20 min until colorless effluence flew out of the right atrium. Spinal cords (1.5 cm from the injury both caudally and rostrally, total 3 cm length) were removed and incubated in 1 ml formamide (Sigma, St. Louis, MO) for 72 h at RT. Extracts were centrifuged at 13,000 rpm at 4°C for 10 min. Supernatant was used for spectrophotometric measurement at 620 nm and compared to standard curve of Evans blue. mice were randomly divided into two groups, control or N-methyl-Daspartate (NMDA) treatment group, which was treated with saline or 10 μM NMDA in growth medium for 30 min, respectively. All cultures were rinsed with HBSS for three times and continued to grow in growth medium for 1 more day. The cultures were then immunostained as described previously (Wang et al., 2011; Fan et al., 2014) . To detect the surface membrane antigens, O1 (an oligodendrocyte marker), cells cultured on 24-well plates were incubated with mouse-anti-O1 (1:500, Millipore, Billerica, MA) at 4°C for 45 min. After fixation with 4% paraformaldehyde, cells were incubated in Texas Red-conjugated donkey anti-mouse IgM for 1 h at room temperature (RT). For recognition of other antigens, cells cultured on 24 well plates were fixed with 4% paraformaldehyde. Mouse monoclonal antibodies against β-tubulin III (1: 5000, BioLengend, San Diego, CA) and rabbit polyclonal antibodies against GFAP (1: 2000; DakoCytomation, Denmark) were applied overnight at 4°C. Then, the appropriate fluorophore conjugated-secondary antibodies 1:200 (Jackson ImmunoResearch, Baltimore, MD) were applied and the nuclei were counterstained with DAPI. Controls were performed with species-specific IgG or sera and with inappropriate secondary antibodies. Both showed negligible background. Total cellular counts for each experimental well were obtained in 10 fields under 20 × objective from three independent culture wells. The result for each experimental condition was verified a minimum of three times. The average numbers of neurons or oligodendrocytes in different groups were calculated and statistically compared using oneway ANOVA followed by Tukey's post hoc testing.
Treatment of apoE mimetic peptide after SCI
The apoE-mimetic peptide was initially derived from the receptorbinding domain of apoE protein (i.e., apoE133-149) to simulate the bioactivities of the holo-protein Laskowitz et al., 2001) . COG112 was designed by fusion of apoE133-149 with a protein transduction domain antennapedia (Antp) to enhance blood-brain barrier (BBB) and cell membrane penetration. COG112 has demonstrated more potent anti-inflammatory activity and therapeutic efficacy in EAE mice (Wei et al., 2013; Li et al., 2006) . ApoE-mimetic COG112, and antennapedia (Antp) were synthesized by PolyPeptide Laboratories (San Diego, CA) using standard Fmoc-based chemistry. All peptides X. Cheng et al. Experimental Neurology 299 (2018) 97-108 were purified by high-performance liquid chromatography (HPLC) to a purity of > 95%. The peptide sequence of COG112 is acetyl-RQI-KIWFQNRRMKWKKCLRVR-LASHLRKLRKRLL-amide. The prefix peptide Antp was found lack of anti-inflammatory activity previously with a sequence of acetyl-RQIKIWFQNRRMKWKK-amide (Li et al., 2006) . ApoE −/− mice received a T9 moderate (60 kdyn IH) contusion injury as described above and then were randomly assigned to one of the following treatment groups: 1) vehicle control, i.e., lactated Ringer's buffer; 2) peptide control Antp (1 mg/kg); and 3) COG112 (1 mg/kg). The mice received the first treatment by tail vein injection at 30 min post-injury and then intraperitoneally twice a day for 3 weeks. At 3 days post-injury, 4 mice from each group were used for testing bloodspinal cord-barrier (BSCB) function by EB technique as described above. The rest mice in each group were tested for locomotion using BMS scores at 1, 3, 7 days after injury and then once every week for 3 weeks. Animals were sacrificed at the end of week 3 for histological and immunohistochemistry examination.
Results

The permeability of BSCB is increased in apoE −/− mice after acute SCI
Previous studies show that apoE plays important roles in the function of blood-brain-barrier (BBB) (Bell et al., 2012; Fullerton et al., 2001; Hafezi-Moghadam et al., 2007; Tai et al., 2016) . To test whether a lack of endogenous apoE further deteriorates the integrity of bloodspinal cord-barrier (BSCB) after injury, we detected the extravasation of IgG using immunohistochemistry. At 3 days after SCI, the extravasation of circulating IgG into the spinal cord was significantly increased in the injured epicenter as well as the rostral and caudal spinal cords in apoE −/− mice compared to WT mice (Fig. 1A, B) . We further quantified the permeability of BSCB following SCI using Evan Blue (EB) technique. Evans blue dye is an azo dye that binds with high affinity to albumin. The Evans blue-albumin (EBA) complex (MW 69 kDa) then penetrates organs lacking blood-tissue barriers but is excluded from the spinal cord by the BSCB. Thus, the presence of EBA in the spinal cord is evidence of increased permeability of the BSCB. At 1 and 3 days after SCI, the amount of Evans blue in the injured spinal cord was significantly increased in apoE −/− mice compared to WT (Fig. 1C , p < 0.05). These results show that permeability of BSCB is further increased in apoE −/− mice following SCI, suggesting that the endogenous apoE plays an important role in the integrity of BSCB.
The inflammation and neural tissue loss are increased in apoE
−/− mice after acute SCI Previous studies suggest that apoE plays important roles in regulating inflammation after neurological diseases (Laskowitz et al., 2000; Laskowitz et al., 2001; Li et al., 2006; Lei et al., 2016) . To test the function of endogenous apoE in inflammation after SCI, we quantified the number of ED1 + macrophages and activated microglia in the injured spinal cord using immunohistochemistry. ED1 + macrophages were found throughout the injured spinal cord around the epicenter at day 3 post-injury ( Fig. 2A) . The percentages of ED1 immunoreactive (IR) areas to the total spinal cord areas were not significantly different between apoE −/− and wild type mice spinal cords at epicenter, 0.6 mm rostral and caudal from epicenter ( Fig. 2A, B) . However, the percentages of ED1-IR areas were significantly increased in the injured spinal cord at 1.2 mm rostral and caudal from epicenter in apoE −/− mice (Fig. 2B , p < 0.05). These results show that a lack of endogenous apoE in apoE −/− mice increases the inflammation after SCI, especially at the spinal cord around the epicenter. We further quantified the spared white matter areas using EC staining on day 3 post-injury (Fig. 2C, D) . The areas of spared white matter were significantly reduced in apoE −/− mice, by as much as 81%
at the epicenter in apoE −/− than that in wild type mice (Fig. 2C, D) .
The percentages of spared white matter area to the total spinal cord area were significantly decreased in apoE −/− mice compared to WT mice at the injured epicenter, 0.6 mm away from epicenter rostrally and caudally, and 1.2 mm rostrally, respectively (Fig. 2C, D) . These results indicate that a lack of endogenous apoE decreases the spared white matter following SCI.
The apoptosis of neurons and oligodendrocytes is increased in apoE
−/− mice after acute SCI
To test effects of endogenous apoE on the survival of neural cells, we examined the apoptosis in the injured spinal cord using TUNEL staining. At 3 days post-injury, many apoptotic cells were found throughout the injured spinal cord at both WT and apoE −/− mice ( Fig. 3A-D) . Many TUNEL+ cells were CC1+ oligodendrocytes in white matter (Fig. 3A) and NeuN + neurons in gray matter (Fig. 3B) . The number of TUNEL + cells were greatest at the injury epicenter and gradually decreased both caudally and rostrally. The number of TUNEL + cells in the epicenter was significantly increased in apoE −/− mice compared to WT mice (Fig. 3C, D) . It was doubled in apoE −/− compared to WT mice (Fig. 3E , p < 0.05). These results indicate that apoptosis of both neurons and oligodendrocytes is significantly increased in apoE −/− mice, suggesting the neuroprotective roles of endogenous apoE in preventing the cell death of neurons and glial cells after SCI. We further examined the neuroprotective roles of endogenous apoE in neurons and oligodendrocytes using an in vitro culture of spinal cord. Neurons and glial cells, including astrocytes and oligodendrocytes, were isolated from postnatal spinal cord of WT or apoE −/− mice and continued to grow in vitro for 7 days. To mimic the in situ spinal cord, we used the mixture culture which included neurons, astrocytes and oligodendrocytes ( Fig. 3F-I ). After being culturing for 7 days, neurons Fig. 1 . Increased permeability of blood-spinal cord-barrier (BSCB) in apoE deficient mice after SCI. BSCB permeability was evaluated by the extravasation of IgG using immunohistochemistry (A, B). Compared to wild type B6 mice (A), the extravasation of circulating IgG in the injury epicenter was significantly increased in apoE −/− mice at 3 days after SCI (B). Quantification of BSCB permeability using Evan Blue technique also showed that the amount of EB in the injured spinal cord was significantly increased in apoE −/− mice compared to wild type B6 mice at 1 day and 3 days after SCI. Scale bar = 500 μm in A, B. Data in C represent the mean ± SD, N = 4, stars represent p < 0.05.
X. Cheng et al. Experimental Neurology 299 (2018) 97-108 matured with multiple long neurites (Fig. 3F, G) . Oligodendrocyte precursor cells or immature oligodendrocytes were also differentiated into mature oligodendrocytes with rich processes which form membrane sheets (Fig. 3H, I ). Neurons and oligodendrocytes were integrated well with co-cultured astrocytes ( Fig. 3F-I ). The morphologies and numbers of neurons and oligodendrocytes from WT and apoE −/− mice were not significantly different (Fig. 3F-I , M), suggesting that apoE is not necessary for the development of neurons and oligodendrocytes. We then tested the effects of excitotoxicity in neurons and oligodendrocytes from WT and apoE −/− mice. Compared to control culture (Fig. 3J) , treatment with NMDA resulted in the death of neurons and oligodendrocytes derived from WT ( Fig. 3K ) and apoE −/− (Fig. 3L) mice. The surviving neurons and oligodendrocytes from WT or apoE −/− mice were significantly decreased after NMDA treatment compared to its respective un-treated counterparts (Fig. 3J-M) . Of importance, the numbers of surviving neurons or oligodendrocytes from apoE −/− spinal cord were further decreased to only half of those from WT mice spinal cord after NMDA treatment (Fig. 3M ). These data suggest that endogenous apoE in WT mice plays an important role in protecting neurons and oligodendrocytes from excitotoxicity.
The long-term anatomical deficits are increased in apoE knockout mice
To test whether lack of endogenous apoE causes long term deficits after SCI, we examined the injured spinal cord at 42 days post-injury histologically. The BSCB was still compromised in apoE −/− mice at 42 days after SCI. Compared to WT mice, the extravasation of circulating IgG was significantly increased in the injured spinal cord epicenter in apoE −/− mice (Fig. 4A) . The inflammation was significantly increased in the apoE −/− mice compared to WT mice at 42 days after SCI. The numbers of ED1-IR macrophages and active microglia cells were significantly increased not only at the injured epicenter but also at 0.6 mm from epicenter rostrally and caudally in apoE −/− mice (Fig. 4B ). In addition, the numbers of CD45 + lymphocytes were also significantly increased at the injured spinal cord in apoE −/− mice (Fig. 4C) . These results suggest that inflammation is not only increased but also persists for a longer time in the injured spinal cord of apoE −/− mice following contusion.
To examine the long-term effects of endogenous apoE in the injury size, we further evaluated the areas of spared white matter in the injured spinal cord at 42 days post-injury. The spared white matter was significantly decreased in the apoE −/− mice compared to WT mice (Fig. 4D, E) . The percentages of spared white matter to the whole spinal cord were significantly decreased at the injured epicenter, 0.6 mm rostrally and caudally in apoE −/− mice (Fig. 4E) . These results show that a lack of endogenous apoE leads to more white matter loss, suggesting endogenous apoE is neuroprotective after SCI.
Locomotor recovery is impaired in apoE −/− mice after SCI
To evaluate the effects of apoE on locomotor recovery after SCI, we assessed locomotor function using Basso-Mouse-Scale (BMS), an openfield locomotor test for mice. Following SCI, all animals displayed immediate hindlimb paralysis (Fig. 4E) . BMS was scored 0 and 0.5 on day Fig. 2 . Increased inflammation and neural tissue loss in apoE deficient mice after acute SCI. Inflammation was evaluated by immunohistochemistry of ED1, a marker for macrophage and activated microglia. Three days after SCI, inflammation was significantly increased in apoE deficient mice, especially at 1.2 mm from injury epicenter both rostrally and caudally (A, B). Importantly, the spared white matter shown by EC staining was significantly decreased in apoE deficient mice compared to wild type mice (C, D). Scale bar = 500 μm in A and D. Data in B and C represent the mean ± SD, N = 4, stars represent p < 0.05.
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1 post-injury. Then gradual recovery in hindlimb locomotion was observed in both apoE −/− and WT groups. However, locomotor recovery was significantly slower in apoE −/− mice, and plateaued at about 21 days. BMS scores were significantly lower in apoE −/− mice compared to WT mice from days 7 to 42 post-injury (Fig. 4F , p < 0.05). These results suggest that endogenous apoE is important for functional recovery after SCI.
Exogenous apoE improves the functional recovery in apoE −/− mice after SCI
In order to further investigate the effects of exogenous apoE on SCI, apoE −/− mice were treated with apoE mimetic peptide after SCI.
Previous studies showed that the apoE-mimetic peptides, which were derived from the receptor-binding domain of apoE protein, (i.e., apoE133-149), could bind apoE receptors to simulate the bioactivities of the holo-protein (Li et al., 2006; Singh et al., 2008; Li et al., 2010) . We first tested whether administration of apoE peptides could decrease the permeability of BSCB in apoE −/− mice following SCI. After receiving treatment of apoE peptides starting at 30 min following SCI and then daily for 3 days, the amount of Evans blue in the injured spinal cord was significantly decreased in apoE −/− mice treated with apoE peptides compared to ones receiving control peptides or saline (p < 0.05) (Fig. 5A) . Consistent with the EB experiment, the immunostaining also showed that extravasation of circulating IgG in the injured spinal cord was significantly decreased in apoE peptide-treated apoE −/− mice compared the control peptide-or saline-treated apoE −/− mice (not shown). These results show that exogenous apoE could reduce the dysfunction of BSCB in apoE −/− mice following SCI.
We further examined the effects of exogenous apoE in inflammation and spared white matter after the behavioral test at 3 weeks post-injury. The number of ED1 + cells in the injured spinal cord were significantly decreased in apoE −/− mice treated with exogenous apoE peptide compared to ones treated with control peptide or saline (Fig. 5B, C) . The percentages of ED1 + IR areas were significantly lower in apoE peptide treated mice than saline or control peptide treated mice at the lesion epicenter, 0.6 mm caudal, 1.2 mm caudal to the epicenter or 0.6 mm rostral to the epicenter (Fig. 5B, C) . There was no significant difference between the saline-or control peptide-treated mice at all examined spinal cords. We also quantified the spared white matters using EC staining (Fig. 6A, B) . The apoE mimetic peptide treatment mice contained more white matter in the injured spinal cord than the two control groups did (Fig. 6A, B) . For example, at the injury epicenter, the percentage of spared white matter area in apoE treatment group was 1.98 and 1.58 fold to ones in control peptide group and saline group, respectively. In addition to the injury epicenter, the percentages of spared white matter were also significantly increased in apoE peptide treatment mice compared to control peptide or saline treatment mice at 0.6 mm rostral and caudal from epicenter. The percentages of spared white matter were not significantly different between apoE −/− mice treated with saline or control peptide at all examined spinal cord levels. These results show that treatment with exogenous apoE peptides decreases the inflammation and increases the spared white matter, further confirming the neuroprotective roles of apoE after SCI. We then tested the effects of exogenous apoE peptides in the locomotion recovery after SCI. All injured animals showed paralysis with no or slight hindlimb movement on day 1 after injury and then gradual recovery in hindlimb locomotion (Fig. 6C) . BMS scores in animals treated with the apoE peptide COG112 were higher than those treated with saline, or control peptide Antp at days 7, 14 and 21 but not on day 1 or day 3 post-injury. There was no statistically significant difference in the BMS scores between saline group and control peptide Antp group at all tested time points. These results show that delivery of exogenous apoE peptides promotes locomotion recovery in apoE −/− mice after SCI.
Discussion
In this study, we showed the worsening dysfunction of BSCB, the X. Cheng et al. Experimental Neurology 299 (2018) 97-108 increased inflammation, the greater neural tissue loss, and importantly, the worse locomotion functional deficits in apoE −/− mice after SCI.
Previous studies show that expression of apoE is significantly increased after traumatic SCI in both rats and mice (Schmitt et al., 2006; Seitz et al., 2003) . However, the role of endogenous apoE in SCI remains unknown. The results in our present study suggest that endogenous apoE plays important protective roles following traumatic SCI. These results are consistent with previous studies regarding pleiotropic roles of apoE in other neurological disorders. For example, apoE −/− mice have increased infarct volumes, worse functional outcomes and higher mortality rates than WT control mice following focal (Laskowitz et al., 1997c) and global (Sheng et al., 1999b; Horsburgh et al., 2000) ischemia. And the increased anatomical and functional deficits in apoE −/− mice are independent of vascular changes .
Similarly, apoE −/− mice have decreased levels of antioxidant compounds and impaired functional recovery and neuronal loss after the closed head injury paradigms (Chen et al., 1997b; Lomnitski et al., 1999b) or the controlled cortical impact brain injury model . Furthermore, apoE −/− mice are cognitively impaired (Gordon et al., 1996; Oitzl et al., 1997) and show signs of neurodegeneration in the central nervous system without injuries (Masliah et al., 1997) . Importantly, polymorphisms in apoE may also contribute to the risk of developing Alzheimer's disease (AD) and other neurological diseases in humans. Multiple genome-wide association studies indicate that APOE4 is by far the strongest genetic risk factor for AD, increasing the risk of developing disease by 400% to 1500% for apoE4 carriers compared with apoE3/3 carriers (Kim et al., 2009; Mahley and Huang, 2006; Zlokovic, 2013; Huang et al., 2017; Zhu et al., 2015) . APOE may also increases the risk of developing MS and cognitive dysfunction in patients with MS (Shi et al., 2011; Yin et al., 2012) , although this remains controversial (Lill et al., 2012) . Furthermore, APOE4 is associated with worse neurological recovery and a longer length of stay in rehabilitation in individuals with traumatic cervical spinal cord injury (Jha et al., 2008) . Taken together, these studies show that endogenous apoE plays important roles in neurological functions in the normal central nervous system or after injuries. Although the exact mechanisms by which a lack of endogenous apoE leads to greater functional loss after SCI remain to be studied, the results in present studies suggest that the increased dysfunction of BSCB could be one of these important mechanisms. We show that the permeability of BSCB is significantly increased in apoE deficient mice after acute SCI, and the dysfunction of BSCB persists even at 42 days after injury. The increased permeability of BSCB is associated with the exaggerated inflammation, greater neural tissue loss and worse locomotor outcomes in apoE deficient mice. These results suggest that endogenous apoE plays a vital role in the integrity of the BSCB after SCI. Our results Fig. 4 . Increased anatomical deficiency in apoE −/− mice after SCI. At 6 weeks after SCI, the extravasation of circulating IgG was significantly increased in the injured spinal cord epicenter in apoE −/− mice compared to WT ones (A).
The numbers of ED1+ macrophages and active microglial cells were significantly increased at the injured epicenter as well as at 0.6 mm from epicenter rostrally and caudally in apoE −/− mice compared to WT ones (B). Similarly, the numbers of CD45 + lymphocytes were significantly increased in these injury levels in apoE −/− mice (C).
Conversely, the spared white matter was significantly decreased in apoE −/− mice at the injured epicenter as well as 0.6 mm rostrally and caudally from the epicenter (D, E). Importantly, locomotion function assessed by Basso-MouseScore (BMS) was significantly worsen in apoE −/− mice starting at 1 week after SCI (F). Scale bar = 500 μm in A, B, and C. Data in D and E represent the mean ± SD, N = 6 (D) and 10 (E), stars represent p < 0.05.
X. Cheng et al. Experimental Neurology 299 (2018) 97-108 are consistent with previous studies showing that apoE deficiency increases the permeability of blood-brain-barrier (BBB) in vivo and in vitro (Bell et al., 2012; Nishitsuji et al., 2011; Fullerton et al., 2001; HafeziMoghadam et al., 2007; Teng et al., 2017) . For example, apoE −/− mice have been shown to increase BBB integrity damage in many animal models, such as brain injury (Methia et al., 2001; Teng et al., 2017) , hyperlipidemia, and/or atherosclerosis, and aged mice (Grinberg and Thal, 2010; Badaut et al., 2012) . Since BSCB plays an important role in maintaining the microenvironment and normal functions of the spinal cord, disruption of BSCB caused by SCI leads to the leakage of blood constituents, such as inflammation cells, immune proteins and other large molecules, which collectively initiate and/or contribute to a "vicious cycle" of pathophysiological processes, resulting in progressive tissue loss and neurological deficits after injury (Popovich et al., 1996; Whetstone et al., 2003) . BSCB permeability is inversely correlated with locomotion function after SCI Patel et al., 2009 ). The worsening anatomic and functional deficits in apoE deficient mice shown in the present study could be at least in part caused by the exaggerated BSCB dysfunction due to a lack of endogenous apoE. We further show that treatment with exogenous apoE mimetic peptides can partially replace endogenous apoE to decrease the BSCB permeability, thus reducing the anatomic and functional deficits in apoE deficient mice after SCI. Previous study show that delivery of exogenous apoE mimetic peptides is able to significantly decrease brain-blood-barrier (BBB) disruption and reduce the neuronal loss and functional deficits after subarachnoid hemorrhage (Pang et al., 2017) . These studies suggest that exogenous apoE mimetic peptides could be a novel therapeutic agent to decrease the dysfunction of BSCB or BBB after SCI or other neurological diseases. Another mechanism by which apoE deficient mice have greater anatomical and functional deficits following SCI could be exaggerated inflammation due to lack of endogenous apoE. Our results show that the number of ED1 + microphages in the injured spinal cord are significantly increased in apoE deficient mice at acute (3 days post-injury) and chronic (42 days post-injury) stages. The number of T cells are also increased in apoE deficient mice after SCI. The increased permeability of BSCB may contribute to the exaggerated inflammation in apoE deficient mice after SCI by enhancing the influx of inflammation cells in peripheral blood, such as macrophages, T lymphocytes, etc. In addition, apoE can directly modulate the immune responses. For example, apoE suppresses microglial activation and its release of the inflammatory cytokines TNFα and IL-6 both in vitro and in vivo Laskowitz et al., 1997a; Laskowitz et al., 2001) . ApoE inhibits mitogen induced lymphocyte proliferation (Zhang et al., 2010) . ApoE has also shown to inhibit T-cell activation by reducing the density of immune stimulatory proteins on antigen-presenting cells (Tenger and Zhou, 2003) . In apoE −/− mice, macrophages stimulate T-cell activation more effectively as antigen-presenting cells than in WT mice (Tenger and Zhou, 2003) . Thus, lack of endogenous apoE could lead to increased inflammation responses after SCI as observed in the present study. Inflammatory and immune responses play important roles not only in neuronal cell death but also in posttraumatic white matter degeneration . Treatment of exogenous apoE mimetic peptides decreases the BSCB permeability and inflammation in apoE −/− mice after SCI. At 3 days after SCI, permeability of BSCB shown by the extravasation of Evan Blue was significantly increased in apoE −/− mice compared to WT (A). However, the deteriorated permeability of BSCB in apoE −/− mice was significantly attenuated after treatment with exogenous apoE mimic peptides following SCI (A). Importantly, treatment of exogenous apoE mimic peptides also significantly decreased inflammation in apoE −/− mice at 21 days after SCI (B, C). Scale bar = 500 μm in C. Data in A and B represent the mean ± SD, N = 4 (D) and 6 (E), stars represent p < 0.05.
X. Cheng et al. Experimental Neurology 299 (2018) 97-108 after SCI (Schwab and Bartholdi, 1996; Donnelly and Popovich, 2008) . Our results show that increased inflammation correlates with a dramatic loss of white matter in apoE −/− mice, suggesting that apoE is essential for restricting inflammation and lesion size. In addition, endogenous apoE may directly protect neurons and oligodendrocytes from cell death after SCI. Our results show that the number of apoptotic neurons and oligodendrocytes is significantly increased in apoE −/− mice at 3 days after SCI. Our in vitro data also show that loss of neurons and oligodendrocytes induced by NMDA treatment is significantly increased in the spinal cord culture of apoE −/− mice compared to WT, suggesting the endogenous apoE from astrocytes in WT spinal cord culture may protect the co-cultured neurons and oligodendrocytes from excitotoxicity (Qiu et al., 2003; Aono et al., 2003) . Lack of endogenous apoE may contribute to exaggerated cell death of neurons and oligodendrocytes in apoE −/− mice after acute SCI (Fig. 3) . Although inflammation is not significantly different at the injury epicenter or at spinal cord areas around the epicenter at 3 days after SCI between apoE −/− mice and WT (Fig. 2) , the increased loss of neurons oligodendrocytes may at least partially result in the greater tissue loss observed in these spinal cord areas in apoE −/− mice after acute SCI (Fig. 2) . Previous studies show that decrease of astrogliosis increase the injury and lead to more severe functional deficits after SCI, suggesting astroglial scar plays an important neuroprotective role following SCI (Faulkner et al., 2004; Herrmann et al., 2008) . The reactive astrocytes may restrict the inflammation cells to spread to the spared spinal cord and prevent the further damage after traumatic SCI (Sahni et al., 2010) . Our present study show that endogenous apoE may directly protect neurons and oligodendrocytes from apoptosis. The endogenous apoE in the central nervous system is mainly synthesized by astrocytes and significantly increase after injury (Kim et al., 2009; Laskowitz et al., 1998) . Secretion of apoE to protect neurons and oligodendrocytes from cell death could be another potential mechanism by which the reactive astrocytes provide neuroprotection after SCI. Robust apoptosis has been detected in the injured epicenter after acute SCI and majority of apoptotic cells are neurons and oligodendrocytes (Fig. 3) . However, significant apoptotic astrocytes have not been observed in the injured spinal cord in either WT or apoE −/− mice. The astrocytes are activated and form astroglial scar after SCI in both WT and apoE −/− mice (Fig. 4) . Astrogliosis is not significantly different between WT and apoE −/− mice following SCI.
We further tested whether delivery of exogenous apoE would provide neuroprotection in apoE deficient mice after SCI. Due to its large size, apoE does not readily cross the blood-brain barrier (Linton et al., 1991) . Given the impracticality of intrathecal delivery, it is unlikely that intact apoE could serve as a viable therapeutic strategy in acute neurological disease. To address this issue, a series of small apoE mimetic peptides derived from its receptor-binding region have been created Laskowitz et al., 2006; Guptill Fig. 6 . Treatment of exogenous apoE mimetic peptides improves the anatomical and functional recovery in apoE −/− mice after SCI. The spared white matter was significantly increased in increased in apoE −/− mice treated by exogenous mimic apoE peptides compared to ones treated by saline or control Antp peptides (A, B). Importantly, locomotion function was also significantly increased in apoE −/− mice treated by exogenous mimic apoE peptides compared to ones treated by saline or control Antp peptides from 1 week to 3 weeks post-injury, the longest time for treatment (C). Scale bar = 500 μm in A. Data in B and C represent the mean ± SD, N = 6 (B) and 10 (C), stars represent p < 0.05.
X. Cheng et al. Experimental Neurology 299 (2018 ) 97-108 et al., 2017 . These peptides retain the anti-inflammatory and neuroprotective effects of the native apoE protein yet cross blood-brain-barrier Laskowitz et al., 2001; Laskowitz et al., 2017) . In the present study, we used apoE peptide, COG112, which is designed by fusion of apoE133-149 with a protein transduction domain antennapedia (Antp) to enhance blood-brain barrier (BBB) and cell membrane penetration. COG112 has demonstrated more potent anti-inflammatory activity and therapeutic efficacy in EAE mice than peptides without Antp (Li et al., 2006; Wei et al., 2013; Li et al., 2010) . Our current study extends the therapeutic potentials of COG112 in SCI. Our results show that COG112 decreases inflammation after SCI. In addition, COG112 protects BSCB and reduces its permeability after SCI. As discussed above, these two mechanisms are not exclusive but synergistic. Of importance, we show that these synergistic mechanisms by COG112 decrease the injury and promote locomotor recovery, suggesting that exogenous apoE peptide, COG112, could at least partially replace the endogenous apoE to provide neuroprotection after SCI in apoE −/− mice. Consistent with the results in our present study, previous study show that delivery of COG112 decreases inflammation and demyelination and promote remyelination and functional recovery after a local chemical demyelination in rat (Gu et al., 2013) . Similarly, treatment with another apoE mimetic peptide, COG1410, immediately after injury for 14 days reduces the inflammation and the neural tissue damage and ameliorates locomotion deficits in a rat thoracic SCI model . These studies indicate that exogenous apoE mimetic peptides can provide additional neuroprotection after SCI even after the expression of endogenous apoE is increased following injury. Neuroprotection of exogenous apoE mimetic peptides has also been demonstrated in several other neurological disease models, such as ischemia stroke Wang et al., 2013) , intracerebral hemorrhage (Lei et al., 2016; Laskowitz et al., 2012) , traumatic brain injury , EAE, a model of human multiple sclerosis (Li et al., 2006) , or the peripheral nerve injury (Li et al., 2010) . These studies suggest that apoE mimetic peptides could be an important neuroprotective reagent after SCI and other neurological diseases.
Conclusions
Our study shows that endogenous apoE plays important roles in the integrity of BSCB and the regulation of inflammation after SCI. Importantly, endogenous apoE is critical in neuroprotection by preserving the neural tissues and reducing locomotion deficits after SCI. Furthermore, our data indicate that exogenous apoE peptides are able to at least partially replace the endogenous apoE to decrease the neural injuries and locomotion deficits in apoE deficient mice after traumatic SCI. Our data suggest that apoE plays important neuroprotective roles and apoE mimetic peptides could be an important therapeutic reagent to decrease the injury and promote functional recovery after SCI.
